Although tRNase Z from various organisms was shown to process nuclear tRNA 3 ends in vitro, only a very limited number of studies have reported its in vivo biological functions. tRNase Z is present in a short form, tRNase Z S , and a long form, tRNase Z L . Unlike Saccharomyces cerevisiae, which contains one tRNase Z L gene (scTRZ1) and humans, which contain one tRNase Z L encoded by the prostate-cancer susceptibility gene ELAC2 and one tRNase Z S , Schizosaccharomyces pombe contains two tRNase Z L genes, designated sptrz1 + and sptrz2 + . We report that both sptrz1 + and sptrz2 + are essential for growth. Moreover, sptrz1 + is required for cell viability in the absence of Sla1p, which is thought to be required for endonuclease-mediated maturation of pre-tRNA 3 ends in yeast. Both scTRZ1 and ELAC2 can complement a temperature-sensitive allele of sptrz1 + , sptrz1-1, but not the sptrz1 null mutant, indicating that despite exhibiting species specificity, tRNase Z L s are functionally conserved among S. cerevisiae, S. pombe and humans. Overexpression of sptrz1 + , scTRZ1 and ELAC2 can increase suppression of the UGA nonsense mutation ade6-704 through facilitating 3 end processing of the defective suppressor tRNA that mediates suppression. Our findings reveal that 3 end processing is a limiting step for defective tRNA maturation and demonstrate that overexpression of sptrz1 + , scTRZ1 and ELAC2 can promote defective tRNA 3 processing in vivo. Our results also support the notion that yeast tRNase Z L is absolutely required for 3 end processing of at least a few pre-tRNAs even in the absence of Sla1p.
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INTRODUCTION
As an adapter molecule between mRNAs and proteins, tRNA plays an essential role in protein synthesis. tRNA cellular levels are critical to cell growth and proliferation, and elevated tRNA synthesis can drive cell proliferation and oncogenic transformation [1] . In all organisms, tRNA genes are transcribed as precursors that must undergo a number of processing steps to mature to functional tRNAs. One such processing step is to generate the 3 CCA sequence, which is a prerequisite for aminoacylation. This CCA sequence can be generated either transcriptionally or post-transcriptionally. In bacteria, many tRNA genes encode the 3 CCA sequence. In general, the CCA-containing and CCA-less pre-tRNAs are selectively processed by the exonuclease-or endonuclease-mediated pathways respectively. The tRNA 3 endonuclease tRNase Z (also called RNase Z or 3 tRNase), involved in the endonucleolytic pathway of tRNA maturation, cleaves after the discriminator nucleotide (the unpaired nucleotide following the acceptor stem) of CCA-less pre-tRNAs.
In contrast with the situation in bacteria, eukaryotic nuclear tRNA genes do not encode the 3 CCA sequence, and the 3 end of tRNAs is thought to be mainly generated by tRNase Z-mediated 3 processing. In the yeast Saccharomyces cerevisiae and Schizosaccharomyces pombe, the 3 end of pre-tRNAs can be matured by endonucleolytic or exonucleolytic processing, and the yeast homologues of human La protein (Lhp1p in S. cerevisiae and Sla1p in S. pombe) can influence which pathway is used [2, 3] . But the identity of these endonucleases in both yeasts remains to be determined.
La is a ubiquitous, abundant eukaryotic RNA-binding protein that associates with the 3 oligo (U) residues of many newly synthesized small RNAs (mainly RNA polymerase III-derived pre-tRNAs). La protein binding protects pre-tRNAs from exonucleases and promotes endonucleolytic processing of the 3 end of pre-tRNAs through impeding the accession of 3 to 5 exonucleases to the pre-tRNA 3 end [2, 3] . La protein also assists tRNA folding [4] . In particular, structurally impaired pretRNA requires La protein for maturation. Thus, although the yeast La protein is nonessential, it becomes essential when cells contain structurally impaired pre-tRNAs [2, 5, 6] . The yeast La protein is also required for the normal pathway of pre-tRNA maturation. In the presence of Lhp1p, the RNase P-mediated 5 -processing precedes 3 -processing by an as yet uncharacterized endonuclease (presumably tRNase Z), whereas in the absence of the yeast La protein, the 3 end of pre-tRNA is subjected to exonucleolytic nibbling [2, 3, 7, 8] . Further exonuclease digestion generates a matured 3 end. The major exonuclease involved in exonucleolytic trimming is Rex1p [9] . However, Rex1p is also required for processing of the 3 end of precursor initiator tRNA Met [10] and the 3 end of pre-tRNA Arg from the dimeric tRNA ArgtRNA Asp transcript in the presence of Lhp1p [10, 11] . Furthermore, the 3 end processing of several pre-tRNA species does not appear to be perturbed when Lhp1p is absent [2] . One of these particular pre-tRNAs, pre-tRNA Trp , undergoes 3 end processing preceding 5 end processing and does not require Lhp1p for 3 end processing and stability [12] . These observations suggest that different pre-tRNA 3 end processing pathways exist in yeast.
Abbreviations used: aa, amino acids; EMM, Edinburgh minimal medium; 5-FOA, 5-fluoro-orotic acid; G418 r , G418 resistance; MTS, mitochondrial targeting signal; NLS, nuclear localization signal; RTD, rapid tRNA decay; TBP, TATA-binding protein; TRAMP complex, Trf4-Air2-Mtr4p polyadenylation complex; tRNase Z, tRNA 3 endonuclease; tRNase Z L , long form of tRNase Z; tRNase Z s , short form of tRNase Z; ts, temperature-sensitive. 1 To whom correspondence should be addressed (email yhuang@njnu.edu.cn). [7, 8] Defective tRNAs, such as those lacking modification, containing altered base pairing, or defective in processing, are subjected to degradation by a quality control system termed the nuclear surveillance pathway which consists of the TRAMP (Trf4-Air2-Mtr4p polyadenylation) complex and the exosome consisting of 3 to 5 exonucleases. The TRAMP complex polyadenylates the defective and aberrant pre-tRNAs and promotes their decay by the exosome [7, 13, 14] . Besides the nuclear surveillance pathway, lack of nonessential tRNA modifications can activate a RTD (rapid tRNA decay) pathway involving the 5 to 3 exonucleases Rat1p and Xrn1p [15] . In contrast to the nuclear surveillance pathway which targets pre-tRNAs [7, 13, 14] , the RTD pathway degrades mature tRNA species [15] .
tRNase Z is the endonuclease that is found in organisms spanning all three domains of life (for reviews, see [16] [17] [18] [19] ). tRNase Z can be divided into a short form tRNase Z S , with 300-400 aa (amino acids) and a long form, tRNase Z L , with 800-900 aa. Although tRNase Z S exists in bacteria, archaea and some eukaryotes, tRNase Z L is only present in eukaryotes. For example, human cells contain both a short form and a long form of tRNase Z encoded by ELAC1 and ELAC2 respectively. ELAC2 was first identified by linkage analysis and positional cloning as a candidate prostate cancer susceptibility gene [20] . It is unknown why plants and mammals but not other lower eukaryotes have evolved to have both forms of tRNase Z.
Sequence analysis has suggested that tRNase Z L arises from gene duplication of tRNase Z S and further sequence divergence [20, 21] . Both the N-and C-terminal halves of tRNase Z L are related to tRNase Z S , but the N-terminal half of tRNase Z L is much more divergent than its C-terminal half. Site-directed mutagenesis and structural studies revealed that the C-terminal half of tRNase Z L retains the catalytic centre of the enzyme, whereas the Nterminal half contains the substrate-binding domain termed the exosite [21] .
Additional roles beyond pre-tRNA 3 end processing have been either suggested or shown for tRNase Zs from many organisms, including Escherichia coli [22] , Haloferax vocanii [23] , S. cerevisiae [24, 25] and humans [26, 27] . For example, in S. cerevisiae, ScTrz1p has been suggested to play a role in 35S rRNA processing [25] . Another example is found in human and mouse cells, where tRNase Z was shown to be involved in the processing of a tRNA-like noncoding RNA [27] . Additionally, human tRNase Z L (ELAC2) has also been shown to potentiate TGF-β (transforming growth factor-β)/Smad-induced transcriptional responses, suggesting a role for ELAC2 in TGF-β/Smad signalling [26] . tRNase Z genes from various organisms, including S. cerevisiae, Arabidopsis thaliana, Drosophila melanogaster (also called Jhl-1) and humans have been cloned, and all recombinant tRNase Z proteins characterized so far show pre-tRNA 3 end processing activity in vitro [28] [29] [30] . However, thus far, the in vivo pre-tRNA 3 end processing activity of tRNase Z has been shown only in Bacillus subtilis [31] and D. melanogaster [32] . Reducing the level of intracellular tRNase Z S in B. subtilis impaired the 3 end processing of pre-tRNA lacking CCA. Similarly, siRNA (small interfering RNA)-mediated downregulation of fruit fly tRNase Z L caused accumulation of 3 -unprocessed pre-tRNAs in both the nucleus and mitochondria. The limited amount of in vivo data impedes our comprehensive understanding of the biological function of tRNase Zs and the mechanism of tRNA maturation.
In the present study, we examined the in vivo function of the S. pombe gene (designated sptrz1 + ) encoding the nucleartargeted tRNase Z L . We also analysed the functional conservation of tRNase Z L among S. pombe, S. cerevisiae and humans with the aim of using yeast as a model for studying the function of ELAC2. We found that sptrz1 + is essential for cell viability independent of Sla1p. Trans-species complementation analysis revealed that tRNase Z L s from S. cerevisiae and humans could complement a ts (temperature-sensitive) allele of sptrz1 + , although neither of them could complement the null mutant of sptrz1 + . We also found that sptrz1 + is limiting for defective tRNA maturation and that overproduction of the nuclear-targeted tRNase Z L s from S. pombe, S. cerevisiae and humans can promote defective tRNA maturation.
MATERIALS AND METHODS

S. pombe strains, media and genetic procedures
Fission strains used in this study are described in Table 1 . A ts mutant of sptrz1 + used in this study was generated by errorprone PCR-based mutagenesis (see Supplementary Methods at http://www.BiochemJ.org/bj/422/bj4220483add.htm for details). Standard media were used to grow yeast cells [33] . Standard protocols for genetic manipulation of fission yeast were used as described previously [33] .
(see Supplementary Methods for details). Catalytically inactive mutants were generated by using the QuikChange kit (Stratagene). The sequences of the wild-type and mutant tRNase Z genes were confirmed by DNA sequencing.
Disruption of sptrz1
+ , sptrz2 + and sla1 + sptrz1 + , sptrz2 + and sla1 + were disrupted by the one-step gene replacement method (see Supplementary Methods for details). The essentiality of sptrz1 + and sptrz2 + were determined by random spore analysis (see Supplementary Methods for details). The essentiality of sptrz1 + in the absence of sla1 + was determined by testing whether sla1 sptrz1 haploid cells cured of the ura4 + -marked plasmid pREP82X-f-sptrz1 remain viable. Briefly, sptrz1 (as a negative control) and sla1 sptrz1 haploid cells containing the plasmid pREP82X-f-sptrz1, and wild-type and sla1 cells harbouring pREP82X (as positive controls) were spotted in 10-fold serial dilutions onto EMM (Edinburgh minimal medium) lacking uracil but containing leucine, histidine and adenine or EMM containing 1 mg/ml of 5-FOA (5-fluoro-orotic acid; U.S. Biological), uracil, leucine, histidine and adenine to eliminate the ura4 + -marked plasmid pREP82X-f-sptrz1. The growth phenotype was scored after the 5-FOA plates were incubated at 32
• C for 4 days.
Testing for complementation
Random spore analysis was performed to test whether sptrz1 + , sptrz2 + , scTRZ1, ELAC1 or ELAC2 in their wild-type or their mutant forms could complement the lethal null sptrz1 + mutant. The heterozygous diploid strain sptrz1 + /sptrz1 transformed with respective plasmids were sporulated in ME (malt extract plus supplements). Haploid colonies were identified by their red colour on YE (yeast extract medium) and scored for the presence of the G418 r (G418 resistance) and ura4 + markers.
Immunoblot analysis
Yeast cells in early exponential phase of growth were harvested and lysed in 20 mM Hepes with beads. Proteins were separated by SDS/PAGE (8 % gels) and transferred on to a nitrocellulose membrane. The blots were first probed with an anti-FLAG antibody (Sigma), and then incubated with a HRP (horseradish peroxidase)-conjugated secondary antibody (Amersham Pharmacia Biotechnology). FLAG-tagged proteins were detected by enhanced chemiluminescence (Pierce) [34] .
Northern blot analysis
Northern blot analysis was performed as described previously [7, 8] . Briefly, total RNA was isolated from S. pombe cells in early exponential phase of growth, separated on a 6 % polyacrylamideurea gel, transferred on to a nylon membrane (PerkinElmer), UV cross-linked, baked, and probed for tRNAs with 32 P-labelled oligonucleotides complementary to the RNA species indicated. The probes to detect intron-containing pre-tRNA Ser(UGA) -M and mature tRNA Ser(UGA) -M were as described in [7] . The probes for intron-containing precursors or mature forms of tRNA Lys(CUU) and tRNA Val(AAC) are described in [3] .
RESULTS
S. pombe has two essential tRNase Z L paralogues and their histidine motif is important for tRNase Z L essential functions
We performed BLAST searches of the S. pombe Genome Database (http://www.genedb.org/genedb/pombe/index.jsp) using the S. cerevisiae ScTrz1p or human ELAC2 sequences as queries, and surprisingly identified two tRNase Z L s. Besides S. pombe, two tRNase Z L s have so far been found in A. thaliana [35] . We named these two genes sptrz1 + (SPAC1D4.10) and sptrz2 + (SPBC3D6.03c). SpTrz1p is composed of 809 aa with a deduced molecular mass of 90.6 kDa, whereas SpTrz2p is a 678 aa protein with a calculated molecular mass of 75.9 kDa. Similar to ScTrz1p and unlike ELAC2, SpTrz1p does not appear to contain a predicted NLS (nuclear localization signal). In contrast, the N-terminus of SpTrz2p contains an MTS (mitochondrial targeting signal) (aa 1-38) predicted by Mitoprot (http://ihg.gsf.de/ihg/ mitoprot.html). Sequencing comparison revealed that SpTrz1p shares 20 % identity and 31 % similarity with SpTrz2p; the homology is highest at the C-terminal halves of the proteins, concentrated around five highly conserved motifs, including the signature histidine motif (HXHXDH, where X is any hydrophobic residue; also called motif II) (see Supplementary Figure S1A at http://www.BiochemJ.org/bj/422/bj4220483add.htm). These motifs are involved in zinc-binding and catalysis [16, 18, 19] . Both SpTrz1p and SpTrz2p contain within their N-terminal halves an ELAC2-type exosite consisting of a GP motif (rich in glycine and proline) and a putative P-loop (the phosphate-binding loop [21] ) (see Supplementary Figure S1B ). In addition to the exosite, SpTrz1p and SpTrz2p also contain a degenerated pseudohistidine motif which shares some homology to the histidine motif, but lacks most of the strictly conserved histidine and aspartate residues.
SpTrz1p shares 24 % identity (36 % similarity) and 24 % identity (35 % similarity) with ScTrz1p and ELAC2 respectively, whereas SpTrz2p shows 17 % identity (28 % similarity) and 19 % identity Previous studies demonstrated that tRNase Z genes from B. subtilis [31] , H. volcanii [23] and S. cerevisiae [36] are required for viability, whereas the two long tRNase Z L s from A. thaliana are not essential [35] . To determine whether sptrz1 + and sptrz2 + are also essential for cell growth, we deleted the entire coding sequence of sptrz1 + and sptrz2 + are required for cell viability, and that ectopic expression of the FLAG-tagged version of sptrz1 + and sptrz2 + could fully complement sptrz1 + and sptrz2 + disruption respectively. We then generated SpTrz1p and SpTrz2p point mutants predicted to be catalytically inactive to test whether the predicted + is essential for cell growth in the presence and absence of sla1 + sla1 + and sla1 cells were transformed with empty vector 82X (pREP82X), and sptrz1 and sla1 sptrz1 cells were transformed with pREP82X-f-sptrz1. Ten-fold serial dilutions were spotted onto EMM supplemented with histidine, leucine and adenine or EMM supplemented with histidine, leucine, adenine, uracil and 5-FOA. Plates were incubated for 4 days at 32 • C.
endonuclease activity is required for the essential function of tRNase Zs in fission yeast and for tRNA-mediated suppression of ade6-704 (see Figures 2 and 3 and below) . We chose to mutate His 574 and Asp 578 of SpTrz1p and Asp 476 of SpTrz2p to alanine, because these residues are absolutely conserved in the histidine motif. The equivalent conserved residues in tRNase Z S from B. subtilis, Thermotoga maritima and E. coli were found to be involved in co-ordination of the two catalytic zinc ions [37] [38] [39] [40] , and mutation of the corresponding residues in T. maritima tRNase Z S and human ELAC2 resulted in a complete loss of the enzymatic activity of tRNase Zs [41, 42] . To this end, ura4 + -marked plasmids expressing either SpTrz1p-H574A or SpTrz1p-D578A were transformed into the sptrz1 ::kanMX6/sptrz1 + diploids, and SpTrz2p-D476A was transformed into the sptrz2 ::his3 + /sptrz2 + diploids. After sporulation of Ura + transformants, haploid colonies from the sptrz1 ::kanMX6/sptrz1 + diploids were analysed for G418 r , and haploid colonies from the sptrz2 ::his3 + /sptrz2 + diploids were tested for histidine prototrophism. None of the colonies tested were G148 r or His + as would be expected if the histidine motif is critical for the enzymatic activity of SpTrz1p and SpTrz2p. These results indicated that the predicted endonuclease activity is important for the essential function performed by these two tRNase Z L s. In the experiments described below, we focus on characterization of SpTrz1p.
S. pombe sptrz1
+ is required for growth in the absence of sla1 + Because the 3 tail of pre-tRNAs is thought to be removed by exonucleases in the absence of yeast La [2] , it would be expected that cells devoid of both tRNase Z L s and yeast La are viable. We used plasmid curing to determine if sptrz1 + is required for cell viability in the absence of sla1 + . We deleted sla1 + in a haploid strain deleted for sptrz1 + and maintained with a ura4 + -marked plasmid expressing FLAG-tagged sptrz1 + from the low strength nmt1 + promoter (pREP82X-f-sptrz1), and in a wild-type haploid strain transformed with the empty vector (pREP82X) as a control. These two sla1-deleted strains and their parental strains were first grown on EMM containing uracil to allow random loss of the ura4 + -marked plasmid, and then spotted in 10-fold serial dilutions onto EMM containing uracil and 5-FOA to allow for counterselection against cells containing the ura4 + -marked plasmid. We found that the sptrz1 haploid cells that lost the ura4 + -marked plasmid expressing FLAG-tagged sptrz1 + , regardless of the presence or absence of sla1 + , were not able to grow on the 5-FOAcontaining medium (Figure 1 We have developed a tRNA-suppressor-mediated reporter system in S. pombe to study tRNA biogenesis [7, 8, 43] . In this system, tRNA Ser(UGA) -M {also termed tRNA Ser(UGA) (C37:10 U40 U47:6; C37:10) [7] } is a modified suppressor tRNA derived from the opal suppressor tRNA Ser(UGA) , which suppresses the accumulation of a red pigment caused by a nonsense mutation in the ade6-704 allele. tRNA Ser(UGA) -M contains three substitutions that disrupt base-pairs in the anticodon:intron stem, the anticodon stem and the variable loop of tRNA. As a result of the three mutations, this suppressor requires sla1 + for maturation, as reflected by the red colour of sla1 colonies (yAS110) grown under the limiting concentration of adenine. In sla1 + cells, it is processed inefficiently, as reflected by the pink colour of sla1 + colonies (yYH1), indicating partial suppression and that sla1 + is limiting [8] . The partial suppression phenotype mediated by tRNA Ser(UGA) -M in the S. pombe strain yYH1 has been exploited extensively to identify factors involved in tRNA maturation. Overexpression of sla1 + , which promotes sla1 + -dependent tRNA processing, can increase suppression, as reflected by the white colour of colonies [8] . Increased suppression can also occur in yYH1 overexpressing the zinc ribbon mutants of the RNA polymerase III subunit Rpc11p, which increases 3 -terminal oligo(U) length and Sla1p-dependent pre-tRNA processing by decreasing RNA 3 cleavage activity [8] . Suppression can also be increased by deletion of the exosome subunit rrp6 + , which participates in degradation of pre-tRNA Ser(UGA) -M unprotected by Sla1p [7] . The increased suppression observed in these studies was accompanied by increased levels of mature tRNA Ser(UGA) -M [7] . These findings suggest that the Sla1p-dependent pre-tRNA Ser(UGA) -M processing efficiency is a primary determinant of mature tRNA Ser(UGA) -M levels and that suppression is dependent on the accumulation of mature tRNA Ser(UGA) -M in this system. It should be noted that besides studying S. pombe factors that participate in tRNA biogenesis, this suppression system has also been used to study the function of human La protein [43] [44] [45] .
In an attempt to understand the role of sptrz1 + in tRNA maturation, we examined yYH1 cells overexpressing wild-type sptrz1 + , predicted catalytically inactive point mutants of sptrz1 + (sptrz1 + -H574A and sptrz1 + -D578A) or sla1 + (as a positive control) for suppression of ade6-704. yYH1 transformed with empty vector exhibited basal suppression. As expected, overexpression of sla1 + increased suppression. Overexpression of sptrz1 + from the low strength inducible nmt1 + promoter (pREP82X) resulted in full suppression (Figure 2A) , suggesting that, similar to Sla1p, SpTrz1p is also limiting in the accumulation of mature tRNA Ser(UGA) -M. Importantly, overexpression of sptrz1 + -H574A and sptrz1 + -D578A was not able to increase suppression (Figure 2A) , suggesting that the histidine motif is required for the ability of SpTrz1p to increase the level of suppression. Western blot analysis showed that wild-type and mutant proteins were expressed at similar levels in sla1 + cells ( Figure 2B ). Next, we tested whether overexpression of sptrz1 + could overcome the requirement for Sla1p in maturation of tRNA Ser(UGA) -M. We overexpressed either wild-type sptrz1 + or point mutants in an isogenetic sla1 strain (yAS110). We found that neither wildtype nor mutant SpTrz1p proteins could increase suppression in the absence of sla1 + , indicating that overexpression of sptrz1 To determine if scTRZ1 and ELAC2 could also promote tRNA maturation in S. pombe, we went on to test whether overexpression of these genes could cause an increase in suppression of ade6-704 in strain yYH1. When overproduced from the full strength nmt1 + promoter (pREP4X), FLAGtagged wild-type ELAC2, but not a catalytic inactive point mutant of ELAC2 (ELAC2-H546A) could increase suppression, suggesting that suppression is related to the enzymatic function of ELAC2 ( Figure 3A) . Notably, ELAC2 lacking a putative MTS (aa 1-30) predicted by Mitoprot, but not ELAC2 lacking a putative NLS (aa 28-35) predicted by PredictNLS (http://cubic. bioc.columbia.edu/old_before2008/services/predictNLS/) could also increase suppression (results not shown). These results demonstrated that the ability of ELAC2 to increase suppression of ade6-704 in yYH1 is dependent on its endonucleolytic activity and its putative NLS. However, when overexpressed from the low strength nmt1 + promoter (pREP82X), ELAC2 could not increase suppression irrespective of the presence of the FLAG tag (results not shown). This could be attributed to a relatively low level of expression of ELAC2 compared with other tRNase Zs ( Figure 3B ).
To our surprise, overexpression of FLAG-tagged scTRZ1 failed to increase suppression. Immunoblot analysis confirmed that all of these tRNase Zs were expressed in sla1 + cells, albeit at a relatively low level for SpTrz2p, ELAC2 and ELAC2-H546A ( Figure 3B ). We thus reasoned that the FLAG tag may interfere with ScTrz1p function. Indeed, untagged ScTrz1p was able to increase suppression when overexpressed from either pREP4X or pREP82X ( Figure 3C , and results not shown). Thus N-terminal FLAG tags apparently do not interfere with the function of SpTrz1p and ELAC2, but interfere with the function of ScTrz1p. We also found that overexpression of sptrz2 + or ELAC1 could not increase suppression, which is not surprising given that the proteins encoded by these two tRNase Z genes do not localize to the nucleus [46, 47] .
We were next interested in testing whether three missense mutations (S217L, A541T and R781H) and one frameshift mutation (1641insG) of ELAC2 associated with prostate cancer could increase suppression. Except for 1641insG, which lacks the C-terminal half as a result of premature termination, overexpression of the three missense mutants of ELAC2 could increase suppression ( Figure 3D ). This result is consistent with a previous in vitro study showing these missense mutations in ELAC2 does not affect the tRNA 3 -processing activity of ELAC2 [29] .
Overexpression of the tRNase Z L genes increased the level of mature tRNA Ser(UGA) -M through promoting 3 end processing of pre-tRNAs
To confirm that the increased ade6-704 suppression by overexpression of the tRNase Z L genes resulted from an increased level of mature tRNA Ser(UGA) -M, we performed Northern blot analysis of the precursor and mature tRNA Ser(UGA) -M in yYH1 cells overexpressing sptrz1 + , ELAC2 or their mutants (sptrz1 + -H574A and ELAC2-H546A). We included as controls yYH1 harbouring an empty vector and a S. pombe strain containing no suppressor tRNA. We also probed the blot for polymerase II-derived U1 snRNA (small nuclear RNA) to control for quantification. Consistent with the suppression results, Northern blotting using a probe that detects mature tRNA Ser(UGA) -M revealed that overexpression of sptrz1 + and ELAC2, but not their histidine motif mutants or the empty vector, could increase the abundance of mature tRNA Ser(UGA) -M ( Figure 4B ). Thus, suppression by the tRNase Z L genes was accompanied by an increase in the levels of mature tRNA Ser(UGA) -M. Reprobing of the blot with a probe specific for pre-tRNA Ser(UGA) -M species [7, 8] revealed that overexpression of the tRNase Z L genes did not affect the level Figure 3 Overproduction of wild-type ScTrz1p, ELAC2 and prostate cancer-associated ELAC2 point mutants (except for a frameshift mutant) increases tRNA-mediated suppression (A) Suppression of sla1 + (yYH1) or isogenetic sla1 (yAS110) cells expressing indicated proteins or carrying empty vector 4X (pREP4X). All proteins are FLAG-tagged and expressed from the full strength thiamine-repressible nmt1 + promoter (pREP4X). (B) Western blot analysis of tRNase Zs. The lower gel shows Coomassie Blue-stained total proteins from the samples. Notably, since the level of overexpression using pREP4X in this experiment is much higher than that using pREP82X in the experiment described in Figure 2(B) , the unspecific band seen in Figure 2(B) is not present. (C) Suppression by FLAG-tagged (f-ScTrz1p) or untagged ScTrz1p (ScTrz1p) in the sla1 + strain. Suppression was analysed as described in Figure 2 of the largest primary transcript containing 5 leader, 3 trailer and intron sequences. However, overexpression of the tRNase Z L genes resulted in an increased amount of a species whose 5 leader and 3 trailer have been removed, and a decreased amount of a species whose 5 leader only has been removed ( Figure 4A ). These results suggested that overexpression of the tRNase Z L genes increased suppression by promoting processing of the 3 trailer of pre-tRNA Ser(UGA) -M. To determine if the effects of overexpression of the tRNase Z L genes were specific to the suppressor tRNA, we analysed processing of endogenous tRNA Lys(CUU) and tRNA Val(AAC) by using precursor-specific or mature probes as documented previously [3, 7, 8, 43, 45] . Overexpression of sptrz1 + or ELAC2 did not appreciably increase the levels of mature tRNA Lys(CUU) and tRNA Val(AAC) (Figures 4E and 4H) . However, overexpression of sptrz1 + and ELAC2 (to a lesser extent) resulted in a reduced amount of a species containing a mature 5 end and a unprocessed 3 end, and an increased amount of a species whose 5 leader and 3 trailer have been removed (Figures 4D and 4G ), although these changes are less noticeable than those observed with the suppressor tRNA. Thus, overexpression of the tRNase Z L genes appeared to somewhat facilitate 3 end processing of the endogenous pre-tRNAs analysed.
Isolation of a ts mutant of sptrz1
+ Initially, we attempted to construct a ts allele of sptrz1 + by directed mutagenesis based on information on ts alleles in scTRZ1 [24] . We generated two point mutations: Y571L (corresponding to Y537L in ScTrz1p) and I572K (corresponding to I538K in ScTrz1p), and replaced the endogenous sptrz1 + allele with the mutant allele. However, although the I572K mutation appears to inactivate the protein, the Y571L mutation did not result in a ts phenotype (results not shown). We then used an error-prone PCR-based random mutagenesis screen to identify sptrz1 ts mutants. One ts mutant of sptrz1
+ isolated from the screen was designated sptrz1-1 (yZZ1). A plasmid expressing wild-type Sptrz1p, but not the empty vector, could suppress the ts phenotype of sptrz1-1 ( Figure 5A ). sptrz1-1 cells lost viability within 12 h after a temperature shift to the non-permissive temperature of 37 • C ( Figure 5B ). DNA sequencing revealed that sptrz1-1 contains two point mutations (1224T > A and 2105A > G), resulting in N408K and D702G substitutions in the N-terminal and C-terminal halves, respectively. Although residue Asp 702 is highly conserved across species, residue Asn 408 is weakly conserved.
scTRZ1 and ELAC2 can rescue the sptrz1 ts allele, sptrz1-1, but not the sptrz1 null mutant
We were interested in whether tRNase Z L s from various organisms are functionally conserved in vivo with the aim of studying the function of ELAC2 in yeast. We examined if scTRZ1 and ELAC2 could complement the temperature sensitivity of sptrz1-1. To this end, we placed scTRZ1 and ELAC2 under the control of the full-strength thiamine repressible nmt1 + promoter in pREP4X and examined whether expression of these genes could rescue the conditional lethal phenotype of the sptrz1-1 mutant. As shown in Figure 5 (C), both scTRZ1 and ELAC2 expressed from pREP4X could rescue the sptrz1 ts mutation. In contrast, the vector alone and sla1 + could not rescue the sptrz1-1 mutant ( Figure 5C and results not shown). However, consistent with the suppression assay, when expressed from the low strength inducible nmt1 + promoter (pREP82X), scTRZ1 but not ELAC2 could rescue sptrz1-1. This could be due to a large difference in the level of expression of scTRZ1 and ELAC2 ( Figure 3B ). The functional complementation of a sptrz1 ts mutation suggests that scTRZ1 and ELAC2 could carry out the essential function of SpTrz1p in S. pombe. Since the mutation responsible for the sptrz1-1 allele has not been characterized, the functional basis of this complementation is unknown.
Although scTRZ1 and ELAC2 could suppress the temperature sensitivity of sptrz1-1, a much more stringent test would be to examine if they could rescue the sptrz1-1 null mutant by random spore analysis. To investigate if scTRZ1 and ELAC2 could also rescue a null mutant, ura4 + -marked plasmids expressing a low or high level of untagged scTRZ1 sptrz1 + and ELAC2 were constructed and transformed individually into the heterozygous sptrz1 ::kanMX6/sptrz1 + diploid cells. After sporulation of stable Ura + transformants, haploid colonies were analysed for G418 r . To our surprise, none of these colonies tested displayed G148 r . The inability of ScTrz1p and ELAC2 to complement was not due to the lack of functionally active proteins expressed, as both these two tRNase Z L s could increase tRNA-mediated suppression in the yYH1 strain and suppress the ts phenotype of sptrz1-1 ( Figures 3A and 5C ).
To rule out the possibility that tRNase Z L was only required for spore germination, we used plasmid shuffling to test whether S. cerevisiae and human tRNase Z L s could functionally replace for sptrz1 + . We used a haploid strain which has sptrz1 + deleted and contains wild-type sptrz1 + carried on a ura4 + -marked plasmid. The haploid strain was transformed with a second LEU2-marked plasmid expressing tRNase Z L genes from S. pombe, S. cerevisiae or humans. The resulting transformants were streaked on EMM lacking leucine, but containing uracil and 5-FOA, to select for loss of the ura4 + -marked plasmid. We found that, except for sptrz1 + , introduction of S. cerevisiae or human tRNase Z L genes could not restore growth to sptrz1 ::kanMX6 haploids (results not shown).
DISCUSSION
Because many eukaryotic organisms including S. cerevisiae, Neurospora crassa, Caenorhabditis elegans, D. melanogaster and humans have only a single tRNase Z L gene, which appears to encode both the nuclear and mitochondrial tRNase Z L s [32, [47] [48] [49] , trying to separate the nuclear tRNase Z L activity from the mitochondrial tRNase Z L activity can be quite difficult. In contrast, S. pombe contains two tRNase Z L genes encoding two long forms of tRNase Z L proteins (SpTrz1p and SpTrz2p) that are localized to the nucleus and mitochondria respectively [46] . Their localization suggests that the nuclear and mitochondrial tRNase Z L activities may reside in two paralogous proteins. Thus, sptrz1 + and sptrz2 + may allow us to readily separate the nuclear and mitochondrial tRNase Z L functions. In the present study, we found that in fission yeast both the nuclear and mitochondrial tRNase Z L functions are essential, since deletion of either sptrz1 + or sptrz2 + caused lethality. More importantly, sptrz1 + is essential for cell growth both in the presence and absence of sla1 + , which is required for endonucleolytic 3 processing of yeast pre-tRNAs [2] . The simplest explanation is that not all pre-tRNA 3 end processing in S. pombe is backed up by exonucleases, such that sptrz1 + may also be required for 3 end processing of at least certain pretRNAs in sla1 cells. This is consistent with the finding that the processing of a few pre-tRNA species in S. cerevisiae appeared to be unaffected by loss of LHP1 [2, 12] . However, based on data obtained thus far, we could not rule out the possibility that sptrz1 + has additional functions and that the RNA processing activity of sptrz1 + other than the pre-tRNA 3 end processing activity may be essential.
We have previously shown that overexpression of sla1 + and rpc11 mutants [8] , and deletion of rrp6 + [7] could cause increased suppression in our suppressor tRNA reporter system that monitors nuclear tRNA production. In the present study, we show that overproduction of a nuclear tRNA 3 end-processing enzyme from divergent organisms can also increase suppression. Our subcellular localization studies of GFP (green fluorescent protein)-tagged tRNase Zs revealed that, consistent with the suppression results, SpTrz1p, ScTrz1p and ELAC2 were localized to the S. pombe nucleus (results not shown). Examination of preand mature suppressor tRNA species provided evidence that these tRNase Z L s increased suppression through promoting tRNA 3 end processing ( Figure 4A ). These results collectively indicate that that SpTrz1p, ScTrz1p and ELAC2 possess in vivo nuclear tRNA 3 end-processing activity.
Our previous study showed that a substantial fraction of pretRNA Ser(UGA) -M transcripts in yYH1 are not functionally engaged and protected by Sla1p, and are subjected to decay by the exosome-mediated nuclear surveillance [7] . The present study further demonstrated that sptrz1 + is limiting for tRNA Ser(UGA) -M 3 end processing and suggested that SpTrz1p may compete with 3 exonucleases for access to pre-tRNA 3 ends. It is likely that an excess of SpTrz1p may salvage at least some pre-tRNA Ser(UGA) -M targeted to nuclear surveillance, thus increasing the level of mature tRNA Ser(UGA) -M. scTRZ1 and ELAC2 can rescue the sptrz1-1 ts defect. Additionally, both genes appear to be able to promote maturation of a nuclear suppressor tRNA, as demonstrated in our in vivo suppression assay. Although the phenotype of the sptrz1-1 mutant remains to be characterized, these results demonstrate that the function of tRNase Z L has been conserved among S. cerevisiae, S. pombe and humans. However, neither scTRZ1 nor ELAC2 is able to complement the null mutation of sptrz1 + . These results, together with the finding that ELAC2 could not rescue the lethality of the null mutation of scTRZ1 [24] , indicate that tRNase Z L has species specificity. One possibility is that, although SpTrz1p, ScTRZ1p and ELAC2 carry out identical biological functions in their respective organisms, ScTRZ1p and ELAC2 cannot carry out one or more of these functions in the context of S. pombe cells, probably due to stringent species-specific protein-protein interactions between tRNase Z L and its partner protein(s). In this regard, ScTrz1p was reported to exist in two different protein complexes: one in the nucleus with the uncharacterized protein YMR0099c, and the other in mitochondria with the exonuclease Nuc1p [48, 49] . A precedent for this possibility is provided by studies of the TBP (TATA-binding protein) [50] . In this case, S. cerevisiae TBP cannot be functionally replaced by human TBP for transcription of TATA-less RNA polymerase II genes and RNA polymerases I and III genes because of species-specific interactions of TBP with TBP associated factors that are essential for the recruitment of TBP to TATA-less promoters. Alternatively, sptrz1
+ may have an essential function in the fission yeast that is not shared by scTRZ1 and ELAC2.
The N-terminal half of tRNase Z, which is highly divergent in sequence in different species, appears to be important for the substrate specificity of tRNase Z L [30] . We have tried to determine whether the N-terminal half is responsible for in vivo species specificity among tRNase Z L s. However, despite our multiple attempts, we were unable to create active chimaeric proteins in which the N-terminal halves of ScTrz1p and ELAC2 was replaced by the N-terminal half of SpTrz1p. In this regard, it is worth noting that S. cerevisiae-human chimaeric tRNase Z L s failed to rescue the deletion of scTRZ1 [24] .
In summary, these results demonstrate that, although exhibiting species specificity, the nuclear tRNase Z L s from S. cerevisiae, S. pombe and humans are functionally conserved. In addition, our results also reveal that nuclear tRNase Z L is a limiting factor for defective tRNA maturation. Furthermore, our findings suggest that the yeast tRNase Z L may be required for the 3 end processing of at least some pre-tRNAs in the absence of the yeast La protein. 
METHODS
Plasmid construction and mutagenesis
Constructs for overproducing N-terminally FLAG-tagged or untagged wild-type and mutant tRNase Zs from S. pombe, S. cerevisiae and human cells were prepared as follows: S. pombe sptrz1 + and sptrz2 + were amplified by PCR from genomic DNA with primer pairs SPAC1D4FLAGFO (See Supplementary  Table S1 for primer sequences) and SPAC1D4RE2 for sptrz1 + , and SPBC3D6FLAGfo and SPBC3D6re for sptrz2 + . The PCR products for sptrz1 + were then digested with SalI and XmaI, and cloned between the SalI/XmaI sites of pREP4X (the full strength thiamine-repressible nmt1 + promoter) and the XhoI/XmaI sites pREP82X (the low strength thiamine-repressible nmt1 + promoter) [8] , yielding pREP4X-f-sptrz1 and pREP82X-fsptrz1 respectively. The PCR products for sptrz2 + were digested with XhoI and XmaI, and cloned into the XhoI and XmaI sites of pREP82X and pREP4X, producing pREP82X-f-sptrz2 and pREP4X-f-sptrz2 respectively. scTRZ1 was amplified by PCR from the construct BSSK/TRZ1FLAG [9] with primers ScTrz1pFLAGfo and ScTrz1pFLAGre. The PCR products were then digested with XhoI/XmaI, and cloned into the XhoI/XmaI sites of pREP4X and pREP82X, creating pREP4X-f-scTRZ1 and pREP82X-f-scTRZ1 respectively. ELAC1 was amplified by PCR from the plasmid [9] with primers hELAC1FLAGfo and hELAC1re. The PCR products were then digested with XhoI and BamHI, and cloned between the XhoI/BamHI sites of pREP4X, producing pREP4X-f-ELAC1. The wild-type and prostate-related mutant ELAC2 were amplified by PCR from the plasmids [9] with primers hsFLAGELAC2fo and hsFLAGELAC2RE. The PCR products were then digested with XhoI and XmaI, and cloned between the XhoI/XmaI sites of pREP4X, generating pREP4X-f-ELAC2, pREP4X-f-ELAC2-S217L, pREP4X-f-ELAC2-A541T, pREP4X-f-ELAC2-R781H and pREP4X-f-ELAC2-1641insG respectively. Constructs for expression of untagged proteins were prepared similarly using primers described in Table S1 . pREP81X-f-sptrz1 used in plasmid shuffling was constructed by PCR from the template pREP82X-fsptrz1 using primers SalI and SPAC1D4RE2. The PCR products were digested with SalI and SmaI, and cloned into the XhoI and SmaI site of pREP81X. Catalytically inactive mutants were generated by using the QuikChange kit (Stratagene) with primers H574A2 and H574A2-r for Trz1-H574A, D578A2 and D578A2-r for Trz1-D578A, SPBC3D6D476A and SPBC3D6D476Ar for Trz2-D476A, and H546Af and H546Ar for ELAC2-H546A. The sequences of the wild-type and mutant genes were confirmed by DNA sequencing.
Disruption of sptrz1
+ , sptrz2 + and sla1 + sptrz1 + and sptrz2 + were disrupted by the one-step gene replacement method [10] . Briefly, the 5 and 3 flanking sequences of sptrz1 + and sptrz2 + were amplified by PCR with primer pairs trz15flankfo and trz15flankre, and SPAC1D3flankfo and SPAC1D3flankre for sptrz1 + and trz25flankf and trz25flankr, and trz23flankfo and trz23flankre for sptrz2 + . The PCR products for the 5 and 3 flanks of sptrz1 + were cloned into the PacI/BglII sites and PmeI/EcoRI sites of pFA6a-kanMX6 [11] respectively, creating pFA6a-trz1int. The PCR products for the 5 and 3 flanks of sptrz2 + were cloned into the SacI/PstI sites and SalI/KpnI sites of pAF1, creating pAF1-trz2int. The deletion modules for sptrz1 + and sptrz2 + were generated by PCR with primers integration1fo and integration1re for sptrz1 + and integration2fo and integration2re for sptrz2 + , and were used to transform the diploid strain yYH6403 ( Table 1) .
Disruptants of sptrz1
+ and sptrz2 + were selected on YES (yeast extract plus supplements) plates containing 100 mg/l of G418/Geneticin (Invitrogen) and on EMM lacking histidine respectively. Disruption of sptrz1 + and sptrz2 + was confirmed by PCR (results not shown). The resulting sptrz1 ::kanMX6/sptrz1 + and sptrz2 ::his3 + /sptrz2 + diploids were designated yYH12146-5 and yYH1127-4 respectively. The essentiality of sptrz1 + and sptrz2 + were determined by random spore analysis. Briefly, the sptrz1 ::kanMX6/sptrz1 + and sptrz2 ::his3 + /sptrz2 + diploids were sporulated in ME (malt extract), and resulting spores were plated on YE (yeast extract). Haploids were revealed by their red colour on YE. A total of 150 haploid colonies resulting from the sptrz1 ::kanMX6/sptrz1 + diploids and 272 haploid colonies resulting from the sptrz2 ::his3 + /sptrz2 + diploids were tested for growth on YES with 100 mg/l of G418 and on EMM lacking histidine respectively. No haploid colony was able to grow on either medium, indicating that both sptrz1 + and sptrz2 + are essential for growth. The sptrz1 ::kanMX6/sptrz1 + diploids were transformed with plasmid pREP82X-f-sptrz1 (for low-level expression of sptrz1 + ) or pREP4X-f-sptrz1 (for high-level expression of sptrz1 + ). Stable Ura + transformants were selected and sporulated, and the resulting spores were plated on YE medium. The haploids were first grown as patches on EMM lacking uracil. The Ura + patches were then replica printed to YES containing G418. The Ura + or G418 r haploid colony bearing the sptrz1 ::kanMX6/pREP82X-f-sptrz1 or sptrz1 ::kanMX6/pREP4X-f-sptrz1 allele was recovered as ySS0704 and ySS0526 respectively. To delete S. pombe sla1 + , the DNA sequences flanking the 5 -and 3 -ends of sla1 + were amplified by PCR with primers La5 up and La5 down, and La3 up and La3 down respectively, and were cloned into pAF1, creating pAF1-sla1. A 3.5 kb SacI/KpnI fragment containing the 5 flanking sequence of sla1 + , his3 + and the 3 flanking sequence of sla1 + was isolated from pAF1-sla1, and was used to transform haploid strains yYH6381 and ySS0704, yielding ySS1023 and ySS1027 respectively. Disruption of sla1 + was confirmed by PCR.
Isolation of a ts mutant of sptrz1
+ A ts mutant of sptrz1 + was generated by error-prone PCR-based mutagenesis. The template for error-prone PCR was generated as follows: the 381 bp of 3 genomic sequence of sptrz1 + was PCR amplified and cloned into the KpnI/ApaI sites of pAF1, resulting in the plasmid pAF1-trz1down. The 230 bp fragment containing the adh1 terminator was PCR amplified and cloned into the SmaI/PstI sites of pAF1-trz1down, generating pAF1-trz1down-tadh1. The fragment containing the adh1 + terminator, his3 + and 3 genomic sequence of sptrz1 + was PCR amplified from pAF1-trz1down-tadh1 and cloned into the SmaI/SacI sites of pREP82X-f-sptrz1, generating pZZ1. pZZ1 was used as a template in errorprone PCR reactions containing 0.2 mM dATP and dGTP, 1.0 mM dTTP and dCTP, 2.5 mM MgCl 2 and 0.025 mM MnCl 2 . The PCR products were transformed into yHL6381. Transformed cells were first grown as patches on EMM containing uracil, adenine and leucine but lacking histidine at 26
• C, and then replica-plated on to the same medium and incubated at 26
• C and 37 • C. ts alleles were identified by their ability to support growth at 26
• C but not at 37
• C. An estimated total of 4000 His + transformants were screened for the ts phenotype. One strain, yZZ1, carrying a ts lethal allele of sptrz1 + , sptrz1-1, was isolated. The alignment was created using the program ClustalW [1] . Identical residues that are conserved in at least 80 % of the aligned sequences are shaded in black. Similar residues are shaded in grey. The residues involved in zinc binding are indicated with an asterisk. Indicated are: the conserved motifs I to V, the PxKxRN, HEAT and HST loops [2, 3] , the flexible arm identified in the 3D-structure of tRNase Z S s [4] [5] [6] [7] and containing the exosite domain. Secondary structure assignment is based on the B. subtilis tRNase Z S structure [4] ; arrows and circular cylinders indicate β-strands and α-helices respectively. (B) Alignment of the sequences of the exosite in tRNase Z L s (the top seven sequences) and tRNase Z S s (the bottom three sequences). The GP motif and the P-loop are boxed.
